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varying degrees of efficacy in terms of P bioavailability as measured in poultry [5] [6] [7] .
As with any enzyme utilized in feeds, conditions that affect substrate degradation also affect enzyme functionality under the conditions present in the lumen of the gastrointestinal tract. It has been reported that phytases can initiate P release from the 3 or 6 positions in the phytate molecule; however, efficacy differences between these different phytases have not been clearly established [8] . Central to phytase efficacy in broilers is activity at gastric pH since phytate solubility decreases as pH increases from the proventriculus to the large intestine [9, 10] .
Numerous phytase studies have been published in the last decade, with a majority of results demonstrating that phytases improve utilization of phytate P by poultry [11] [12] [13] [14] [15] . Since phytases are primarily used to increase the availability of phytate P, phytase efficacy is generally determined as a relative bioequivalency in comparison to inorganic P sources [16] [17] [18] [19] . However, as the bioequivalency of phytase is relative to both the nature of the displaced inorganic P source and also the phenotypic response that is measured it is important to clearly define both to avoid error in formulation [20] . Only a few published studies [16, 21] have detailed how the composition of 3 different bones can be affected by phytase inclusion.
The decision on which digestible, available P or non phytate P (nPP) concentration to formulate poultry diets is difficult due to a lack of clarity on P requirements, interactive effects of calcium (i.e., Ca), as well as to the amount of phytate P released by different concentrations of the numerous phytases available commercially. Each phytase has specific chemical characteristics that are different in part depending on the source from which they are derived. These characteristics can influence the main site of activity as well as the efficacy of phytate P release in the gastrointestinal tract and the relative importance of Ca and Ca:P [22] .
The objective of the current study was to evaluate the effects of a 6-phytase from Citrobacter braakii on live performance and bone mineralization as well as to provide estimates on the relative bioequivalence when compared to P added from dicalcium phosphate in a low-P corn-soybean meal (SBM) diet fed to broiler chickens.
MATERIALS AND METHODS
All procedures used in this study were approved by the Ethics and Research Committee of the Universidade Federal do Rio Grande do Sul, Porto Alegre, Brazil.
Animal Husbandry
A total of 350 1-day-old slow-feathering Cobb × Cobb 500 male broiler chicks [23] were randomly allocated to 70 wire cages (0.90 m × 0.40 m), 5 birds/cage, located in a temperaturecontrolled room. Temperature at placement was 32 o C, which was adjusted to maintain bird comfort throughout the study. Birds had ad libitum access to water and mash corn-SBM starter feeds to 7 d age (23% CP, 1.05% Ca, and 0.55% nPP). Lighting was continuous throughout the study.
Diets and Study Design
Experimental diets were corn-SBM based and formulated to meet or exceed the Brazilian  Tables nutrient recommendations [24] , except for Ca and nPP. Corn, SBM, limestone, and dicalcium phosphate were analyzed prior to feed formulation using the AOAC International [25] procedures for Ca (968.08) and P (946.06). Study feeds were provided from 8 to 25 d age. Experimental feeds were least-cost formulated and, therefore, fluctuations existed in the amounts of corn, soy, and oil that may have caused some minor confounding effects when the regressions for nPP levels were established.
The study was a completely randomized arrangement of 7 treatments with 10 replications of 5 birds each. Treatments consisted of a positive control (PC) diet (0.42% nPP), and 4 other diets having graded concentrations of nPP: 0.32, 0.26, 0.20, and 0.14% nPP. Feeds with graded P concentrations were formulated with the addition of dicalcium phosphate. A fixed level of 0.80% Ca was used in all diets. Phytase was added at the expense of kaolin, an inert ingredient to the 0.14% nPP diet using phytase at 500 and 1,000 phytase units (FYT)/kg (1 FYT is defined as the activity that releases 1 μmol inorganic phosphate from 5.0 mM sodium phytate/min at pH 5.5 and 37
• C; [26] ).
The phytase used in the current study was a 6-phytase produced by a strain of Aspergillus oryzae expressing 2 synthetic genes that both mimicked a phytase gene from a strain of Citrobacter braakii [27] . A commercial product with this enzyme is available under the name of Ronozyme HiPhos [28] . Diet samples were collected and analyzed in duplicates for phytase content.
Measurements
BW gain (BWG), feed intake (FI), FCR corrected for mortality, as well as percentage of mortality were determined at 14, 21, and 25 d. At 25 d, all broilers (n = 350) were killed by cervical dislocation and the right tibia and femur had their cartilage removed. The middle toe from the right foot was removed at the first articulation. Samples were dried at 105 o C for 12 h and were then defatted in a Soxhlet apparatus using petroleum ether. Bones were dried again at 105 o C for 12 h, being weighed and ashed in a muffle furnace at 600
• C for 8 h. Ash and total P and Ca concentration were determined according to AOAC International [25], methods for ash (930.15), Ca (968.08), and P (946.06).
Statistical Analysis
Data were analyzed based in a one-way ANOVA using the General Linear Models procedure of SAS [29] . Significance was accepted at P ≤ 0.05 and mean differences were separated using Tukey's Honest Significance Difference test [30] . A regression analysis was conducted with data from diets with decreasing nPP and an estimation of P availability was determined through the derivation of the linear and quadratic equations.
RESULTS AND DISCUSSION
Formulated and analyzed Ca and total P in the study diets were in general agreement with expected values as can be seen in Table 1 . Analyses of phytase in the feeds indicated that the supplemental enzyme had activities that agreed well with the expected values (formulated 500 and 1,000 FYT/kg and analyzed 550 and 1,060 FYT/kg, respectively).
A significant decrease in BWG (P < 0.001) and FI (P < 0.001) in parallel with an increase in FCR (P < 0.001) occurred as nPP was reduced in the diets (Table 2) . Mortality was higher for birds fed 0.14% nPP and intermediate for those fed 0.20% nPP (P < 0.001). There were no mortality in groups fed diets with 0.26% nPP or higher.
Phytase supplementation in the 0.14% nPP diet led to improvements in BWG, FI, and FCR when compared to diets having 0.26% nPP or lower (P < 0.001). Increased BWG and FI were observed when the diet supplemented with 500 FYT/kg was compared to the P deficient diets; however, when compared to birds fed the PC diet, those fed the 1,000 FYT diet exhibited similar BWG, FI, and FCR, while the birds fed the 500 FYT diet exhibited significantly poorer BWG and FI. Phytase supplementation, at both levels, reduced (P < 0.001) the mortality of birds associated with nPP concentrations of 0.20% nPP or lower.
Reducing the percentage of nPP in the feeds resulted in lower contents of bone ash as well as Ca and P in the tibia, femur, and middle toe of birds at 25 d (P < 0.0001) ( Table 3 ). In general, bone ash as well as the concentration of Ca and P in bone was highest when birds were fed the PC diet (P < 0.0001). There were improved bone characteristics associated with phytase addition to the low nPP diet which was more pronounced at 1,000 FYT compared with 500 FYT (P < 0.001).
Regression equations for growth performance and bone mineral contents with increasing levels of P and the calculated bioequivalence as nPP of the studied phytase are presented in Table 4 . Estimated nPP bioequivalence was conducted with the equations providing the best fit (highest R 2 ). Most measurements had best fits with linear adjustments; exceptions were BWG, FCR, and tibia ash in grams that had quadratic adjustments.
In general, adding 1,000 FYT/kg phytase provided nPP bioequivalence that averaged 40% higher when comparison is done with 1 Means are from 10 replications of 5 birds each at the begging of the study. 2 FCRcorrected for mortality. 3 Nonphytate phosphorus. 4 Ronozyme HiPhos (10,000 FYT/g, Novozymes A/S, Bagavaerd, Denmark); analyzed values for feeds with formulated 500 and 1,000 FYT were, respectively, 550 and 1,060 FYT/kg. 5 From an ANOVA with all treatments. 4 Ronozyme HiPhos (10,000 FYT/g, Novozymes A/S, Bagavaerd, Denmark); analyzed values for feeds with formulated 500 and 1,000 FYT were, respectively, 550 and 1,060 FYT/kg. 5 From an ANOVA with all treatments. were obtained using all data. 2 Linear (L) or quadratic (Q) effect (P < 0.05). 3 Determined based on response of the means to graded addition of P from dicalcium phosphate for each parameter. Was used the difference between the levels of nPP (0, 0.06, 0.12 and 0.18%) to obtain this relative bioequivalence. 4 FCR corrected for mortality.
formulated 500 FYT/kg (Table 4) . Average bioequivalence nPP for each phytase level was dependent on the evaluated response with lowest and highest values at 500 FYT supplementation of 0.077 and 0.145 for toe P and femur Ca, respectively, whereas lowest and highest values at 1,000 FYT of 0.143 and 0.194 for BWG and toe ash, respectively. These results are similar to previous reports [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] [32] that also used different doses of Citrobacter braakii phytase;
however, direct comparison in terms of nPP equivalence are limited because of the uniqueness of the study design used in these trials.
Estimates of the amount of P released by phytases vary. Nelson et al. [2] indicated that from 50 to 100% of the phytate-bound P in corn-SBM diets could be released by phytase supplementation, depending upon the level of phytase used. Denbow et al. [33] reported that P released by phytase ranged from 31 to 58% for 250 to 1,000 U phytase/kg feed. Simons et al. [34] indicated that more than 65% of the P was released by addition of phytase. Yi et al. [35] estimated that up to 37% of the phytate P in SBM was released by addition of 1,000 U of phytase/kg of diet. Additionally, Waldroup et al. [36] calculated that approximately 50% of the phytate-bound P in a corn-SBM diet was released by phytase. Thus, considerable variation exists among reported values for P release which are likely associated with phytase type and dose and the concentrations of dietary phytate and Ca. Estimates in the present study fall among reported values.
A combination of precise phosphorus nutrition and addition of proper levels of microbial phytase will optimize broiler performance and at the same time will reduce the reliance on inorganic phosphorus sources through improving utilization of phytate-bound phosphorus of the diet [37] . Qian et al. [38] showed that the addition of increasing levels of phytase to a broiler diet linearly improved BW, feed consumption, and toe ash content. Yan and Waldroup [39] reported that supplementation of broiler diets with phytase reduced the nPP requirement for optimum BW and tibia ash from 0.283 and 0.395 to 0.211 and 0.350%, respectively.
Total P levels in broiler feeds can be reduced without impairing bone ash [11, 16, [40] [41] [42] [43] , although some authors have not confirmed this [44] . Nevertheless, the degree to which total P can be reduced, especially according to broiler age in phytase-supplemented diets, lacks consensus. The reduction in nPP when phytase is used may also be relevant for the so-called extraphosphoric effects of phytase such as beneficial effects on amino acid retention, net energy, and myo-inositol release. In the current study phytase did not restore performance, at least numerically, to the level of the positive control (0.42% nPP), which suggests that P may have continued to be limiting even with 1,000 FYT/kg supplemental phytase. This is perhaps not surprising given that the low nPP diet was formulated to contain only 0.14% nPP (a reduction from the positive control of 0.28%). Recently, the liberation of myo-inositol from the phytate molecule by the concerted action of exogenous phytase and endogenous phosphatases has received some attention [45] . Myo-inositol is the core of phytate and has been recently found to have insulin-mimicking effects, likely mediated via upregulation of phosphatidylinositol-3-kinase and protein kinase B [45] . These mechanisms may require adequate phosphate availability to permit the reassembly of important isomers of inositol triphosphate systemically. It is therefore possible that the drastic reduction in nPP in the current study reduced the extra-phosphoric effects of phytase on weight gain and FCR through a lack of phosphate for rephosphorylation of plasma myo-inositol. It is possible that in order to use phytase optimally to generate maximum value there must be a trade-off between feed cost reduction and performance enhancement.
In the present study the bioequivalence of 1,000 FYT/kg phytase ranged from around 0.14% for BWG to over 0.19% for toe ash. These differences are illustrative of the relative nature of such assays where BWG may be expected to be maintained with 1,000 FYT/kg if 0.14% inorganic P from dicalcium phosphate was displaced, whereas toe ash could be maintained with a displacement of over 0.19%. Therefore, when using phytase in a least-cost formulation the nutrient release value for P should be adjusted depending on which phenotypic metric is of most importance and which inorganic P source is being displaced.
CONCLUSIONS AND APPLICATIONS
1. The Citrobacter braakii phytase utilized in the current study is effective in increasing the availability of phytate-P by broilers with a variable range of nPP bioequivalence depending on the required response. 2. Although the focus of the present study was P, extra-phosphoric effects of this phytase have been demonstrated based on live performance results.
